Genetic mapping studies identified ATR as a candidate gene for Seckel syndrome, but its location on the physical map had not been defined. We used the ATR cDNA sequence to identify a 112-kb genomic sequence 4 that in turn retrieved two linked BACs, one of which was located at 147.77 Mb on chromosome 3, Published online 17 March 2003, doi:10.1038/ng1129 Fig. 1 F02-98 cells show an impaired response to DNA damage. a, F02-98 cells were impaired in phosphorylation of H2AX (γH2AX) and p53 Ser15 induced by ultraviolet radiation (UV) but normal in phosphorylation of these substrates after exposure to ionizing radiation (IR). Owing to difficulty in obtaining sufficient material from primary fibroblast cells for western blotting, the phosphorylation of ATR substrates after exposure to DNAdamaging agents was examined by immunofluorescence using phosphospecific antibodies (α-P-Ser15-p53). Phosphorylation was examined after exposure to ionizing radiation (10 Gy) and ultraviolet radiation (5 J m -2 ) 1 h after irradiation. Cells held under low-serum conditions for 5 d before exposure to ultraviolet radiation had an identical response to that of exponentially growing cells (data not shown). b, F02-98 cells were impaired in phosphorylation of hRad17 and Nbs1 induced by ultraviolet radiation (UV). The examination of phosphorylation was carried out as described in a using phosphospecific antibodies (α-PRad17 and α-P-Nbs1). Immunofluorescence was also analyzed using antibodies that recognize endogenous Rad17 and Nbs1 (α-Rad17 and α-Nbs1; right panels) verifying that these proteins were expressed efficiently before and after ultraviolet radiation treatment in F02-98 cells. 
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We investigated ATR function in a fibroblast cell line, F02-98, established from an affected individual. We examined phosphorylation of p53, Rad17, Nbs1 and H2AX induced by ultraviolet radiation by immunofluorescence using phospho-specific antibodies. Formation of phosphorylated H2AX in F02-98 cells was defective after exposure to ultraviolet radiation but normal after exposure to ionizing radiation, whereas control cells phosphorylated H2AX in response to both ultraviolet and ionizing radiation (Fig. 1a) . We also observed impaired phosphorylation of p53, Rad17 and Nbs1 induced by ultraviolet radiation (Fig. 1a,b ) and reduced ATR expression (Fig. 1c,d ). Finally, F02-98 cells showed normal cellular sensitivity to ionizing radiation, consistent with a role of ATM rather than ATR in response to doublestrand breaks, but moderately enhanced sensitivity to mitomycin C and ultraviolet radiation (Fig. 2) . Together, these data show that F02-98 cells have an impaired response to DNA damage, consistent with impaired ATR function.
Because ATR is essential for development, we anticipated that any mutation in ATR would be hypomorphic and examined the cells for evidence of residual ATR protein and function. Overexposure of the ATR western blot indicated the presence of low Analysis was carried out 1 h after exposure to ultraviolet radiation. Residual H2AX phosphorylation can also be observed at prolonged times after exposure to 20 J m -2 ultraviolet radiation (data not shown). The residual phosphorylation activity is consistent with the residual ATR protein identified by western blotting but could also be due to the activity of another kinase, such as ATM. c, Expression of ATR cDNA restored phosphorylation of p53 induced by ultraviolet radiation. F02-98 cells were transfected with pcDNA-3 expressing full length ATR cDNA (ATR), empty pcDNA-3 or pcDNA-3-ATR-KD (ATR-KD). Cells were exposed to ultraviolet radiation (UV; 5 J m -2 ) and examined by immunofluorescence for the presence of phosphorylated p53 (Ser15; α-P-p53) 48 h after transfection. Phosphorylated p53 was only observed after transfections with full length ATR cDNA. No complementation was seen after transfection with the kinase-dead version of ATR (as shown) or with an empty vector (data not shown). Expression of ATR cDNA in control cells did not affect their response to ultraviolet radiation (data not shown). (Fig. 3a) . A dose-response analysis of phosphorylated H2AX after ultraviolet radiation indicated that there was residual phosphorylation activity after exposure to 40 J m -2 ( Fig. 3b ). To establish that the phenotype is due to impaired ATR function, we introduced ATR cDNA into F02-98 cells, and we observed correction of the defective phosphorylation of p53 induced by ultraviolet radiation (Fig. 3c) . We proceeded to sequence the 8.2-kb ATR cDNA by RT-PCR in control and F02-98 fibroblasts using 22 overlapping PCR fragments. The amplification product encompassing exon 9 differed between F02-98 cells, control cells and cells from a parent who carried the mutation (Fig. 4a) . cDNA sequencing indicated that the primary, smaller product in F02-98 cells resulted from loss of exon 9. We then carried out genomic DNA sequencing of exon 9 and the adjacent intronic sequence (-195 through to exon 10) to identify the cause of aberrant splicing.
This indicated that the affected individual was homozygous with respect to a single base change, 2101A→G (numbering from the first base of mRNA U76308; Fig. 4b ). This translationally silent (synonymous) mutation segregated with the disease in both affected families 1 . The remaining ATR cDNA had no other unique changes. We did not find the 2101A→G mutation in any of 204 ethnically matched chromosomes.
We also observed two faint intermediately sized bands in F02-98 cells (Fig. 4a) . Cloning and sequencing showed that these arose by the use of two cryptic splice-donor sites in exon 9 (Fig. 4c,d ). Loss of exon 9 and use of the cryptic splice-donor sites introduces a stop codon in the next exon. A faint band corresponding in size to the product lacking exon 9 was also present in the normal controls, suggesting leaky splicing of this exon. The first evidence confirming that the mutation 2101A→G causes aberrant splicing came from sequencing the normal sized cDNA product from a Fig. 5 In vivo splicing assay shows that the 2101A→G transition affects splicing. a, Wild-type and mutated ATR genomic sequences were cloned into the exontrapping vector pSPL3 using the XhoI and BamHI sites. exa and exb, exonic vector sequences; P, promoter; 1-4, primers SD6, SA2, SD2 and SA4; 5, an ATR exon 10-specific oligonucleotide. b, Products after amplification of cDNA generated from Cos-7 cells with primers 3 and 5. The first lane contains the size marker. c, negative control using non-transfected cells; n, products from two independent transfections of wild-type construct; m, products from two independent transfections of the mutant construct. The band corresponding to exon 9 inclusion is 477 bp, and that corresponding to exon 9 skipping is 284 bp. Both products were seen in the lanes corresponding to wild-type sequence (n), but there was no normally spliced product in the lanes corresponding to the mutant sequence (m). The same results were observed using primers 3 and 4 (data not shown).
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parent carrying the mutation. The mutated allele was underrepresented ( Fig. 4b) , indicating that the mutation leads to exon skipping but that some of the RNA is correctly spliced.
To confirm the impact of the mutation 2101A→G on splicing efficiency, we constructed wild-type and mutated ATR hybrid minigenes in an exon-trapping vector, transfected these into Cos-7 cells and analyzed the products by RT-PCR and sequencing (Fig.  5) . The wild-type minigene generated a primary band reflecting exon 9 inclusion and a minor product lacking exon 9, whereas the mutated minigene generated only the product missing exon 9. These data show that correct splicing of exon 9 is inefficient in wildtype DNA and that the 2101A→G mutation markedly reduces splicing efficiency. Notably, we observed a low level of correctly spliced transcript from F02-98 cells, indicating that the mutation does not fully abolish correct splicing and consistent with the residual activity and protein observed in F02-98 cells.
Shapiro and Senapathy have devised a system for evaluating splice-site efficiency in which efficient splice sites have a score >94 (ref. 11). The ATR exon 9 splice-acceptor site has a polyU tract interrupted by two adenines, which slightly reduces the score for acceptor sequence efficiency from 94 to 90. The ATR exon 9 splice-donor site has a markedly low score of 76. The mutational change does not create a new efficient splice site. Splicing, particularly when splice sites are weak, is influenced by exon-splice enhancers (ESEs) and silencers (ESSs). It is possible that the mutation disrupts an ESE or creates an ESS. Analysis of exon 9 using ESEfinder programs did not identify any known ESE sequence encompassing the mutation (refs. 12,13; W. Fairbrother, pers. comm.). The RNA modeling program mfold showed that the mutation could potentially influence the secondary structure of the transcript.
The DNA replication checkpoint is ATR-dependent, and recent studies have proposed a requirement for replication for the activation of ATR after DNA damage 14, 15 . Our data, however, suggest that ATR activation can occur in G1-phase human cells exposed to ultraviolet radiation. We used a cell line defective in ATR to examine whether ATR activation occurs in the absence of replication. We maintained normal cells in G0/G1 phase by serum starvation and irradiated them with 5 J m -2 ultraviolet radiation. These non-replicating cells efficiently phosphorylated H2AX (Fig. 1) . We did not observe phosphorylation in parallel experiments with F02-98 cells, confirming the ATR dependence of the phosphorylation. To gain insight into the requirement for ATR activation, we examined phosphorylation in cell lines impaired in the processing of lesions induced by ultraviolet radiation. H2AX phosphorylation was not observed in two cell lines derived from individuals affected with xeroderma pigmentosum group A and defective in nucleotide-excision repair but was evident in two cell lines derived from individuals with Cockayne syndrome and defective in transcription-coupled repair (Fig. 6) . Taken together, these findings indicate that ATR-dependent signaling, including phosphorylation of H2AX, can be activated in a replication-independent manner after nucleotide-excision repair of photoproducts from ultraviolet radiation.
Our findings identify a founder mutation (2101A→G) in ATR in two families affected with Seckel syndrome and an impaired response to DNA damage in a cell line from an affected individual. This synonymous mutation has a profound affect on splicing efficiency, resulting in reduced but residual levels of normal transcript and protein. The severity of this hypomorphic mutation is shown by the marked microcephaly and dwarfism observed in affected individuals and is consistent with the embryonic and somatic lethality seen in the absence of ATR 16, 17 . Our findings, therefore, provide the first evidence of a clinical disorder associated with impaired ATR signaling and raise the possibility that mutations in additional components of the ATR signaling pathway could contribute to further instances of Seckel syndrome.
Methods
Families and genotyping. Family 1 and family 2 are consanguineous Pakistani families that have been described previously 1 Mutation analysis. We used lymphoblastoid cell lines and primary fibroblasts as a source of RNA. We propagated lymphoblasts and fibroblasts in RPMI 1640-Glutamax supplemented with 10% fetal calf serum or in Chang's medium with 2mM Glutamine, respectively. We isolated total RNA by the TRIZOL protocol (Invitrogen) and used 4 µg to synthesize random primed cDNA (Superscript II, Invitrogen). We designed 22 primer pairs producing overlapping fragments to amplify the ATR coding region (details available on request). We analyzed PCR products by gel electrophoresis and sequenced them on an ABI 377 or a Megabace 500. To sequence the splicing variants, we purified products (using Qiagen gel extraction kit), TA-subcloned them into pGEM-TEasy (Promega) and carried out plasmid sequencing. To investigate the splice variant, we amplified genomic DNA and sequenced intron 8 (-195 exon 9) through exon 10. We examined the site of the mutation by sequencing genomic DNA from all members of family 1 and family 2 and from the unaffected controls.
pSPL3-ATR hybrid-minigenes. We used Pfu to amplify 1,089 bp of ATR genomic DNA from intron 8 (-195 exon 9) to intron 10 (+202 exon 10) from an individual heterozygous with respect to the 2101A→G mutation. The resulting PCR products were blunt end-subcloned in pCR Blunt (Invitrogen). After sequencing, we subcloned the normal and 2101A→G mutated DNA fragments into the multiple cloning site of the exon-trapping vector pSPL3 (Life Technologies) using XhoI and BamHI.
Transfections and RT-PCR. We transiently transfected Cos-7 and HeLa cells using Lipofectamine 2000 (Invitrogen) and then 24 h later extracted RNA with TRIZOL and generated cDNA using the pSPL3 (Life Technologies) oligonucleotide SA2. We carried out six PCR cycles with vector primers (SD6, SA2) before adding two nested primers (SD2, SA4) or one nested vector primer (SD2) in combination with an ATR exon-10 oligonucleotide and carrying out 30 more amplification cycles (Fig. 5) . We confirmed the sequence of the splicing products by subcloning into pGEM-TEasy and sequencing. Cellular analysis. 1BR3 is a control primary fibroblast cell line and F02-98 is a fibroblast line established from an individual from family 1 affected with Seckel syndrome 1 . We cultured cells in minimal essential medium and analyzed their sensitivity to γ irradiation, ultraviolet radiation and mitomycin C as described previously [18] [19] [20] . To evaluate mitomycin C survival, we exposed exponentially growing cells to 1 µg ml -1 mitomycin C in phosphate-buffered saline A for the times indicated, then washed, trypsinized and plated them for survival. We carried out immunofluorescence analysis using the following phospho-specific antibodies: antibody against phospho-histone H2AX (Ser139; Upstate Biotechnology), antibody against phospho-Ser15-p53 (Cell Signalling Technology; Santa Cruz Biotechnology), antibody against phospho-Rad17 (Ser637; a gift from Steve Elledge), antibody against phosphonibrin (Ser343; Santa Cruz Biotechnology), antibody against Rad17 (H-300; Santa Cruz Biotechnology) and antibody against Nbs1 (Ab-1; Oncogene Research Products). The antibodies against ATR that we used for immunofluorescence and western blotting were AHp386 (Serotec). We used a lymphoblastoid cell line established from the affected individual for ATR western blotting. The control represents a lymphoblastoid cell line from an unaffected individual. To arrest primary fibroblast cell lines in G0, we seeded cells onto coverslips and incubated them in MEM medium (Sigma) containing 0.5% fetal calf serum for at least 5 d. We complemented cells by transient transfection of primary fibroblasts using Genejuice (Novagen) and 2 µg pcDNA3-ATR or pcDNA-3 expressing a kinase-dead version of ATR cDNA (pc-DNA3-ATR-KD; ref. 3). We analyzed cells for phosphorylated H2AX foci induced by ultraviolet radiation 48 h after transfection.
Accession numbers.
Mapping the ATR cDNA identified AQ487882, one end of BAC RCP11-262I7. The opposite end of this BAC, AQ487879, was located at 147.77 Mb on chromosome 3, in our refined Seckel syndrome critical interval.
